Dietary carotenoids show numerous biological activities, including antioxidant activity, induction of apoptosis, and inhibition of mammary cell proliferation. Studies examining the role of carotenoid consumption in relation to breast cancer recurrence are limited and report mixed results. We tested the hypothesis that breast cancer survivors with high dietary and plasma carotenoids would show significantly lower levels of oxidative stress than breast cancer survivors with low dietary and plasma carotenoid levels. Two hundred seven postmenopausal breast cancer survivors from the Women's Healthy Eating and Living Study volunteered for this ancillary study. Dietary data were analyzed by the Arizona Food Frequency Questionnaire and plasma carotenoids A-carotene, B-carotene, lutein plus zeaxanthin, lycopene, and B-cryptoxanthin and quantified with high-performance liquid chromatography, and immunoaffinity chromatography-monoclonal antibodybased ELISAs were used to analyze the urine samples for 8-hydroxy-2 ¶-deoxyguanosine (8-OhdG) and 8-isoprostaglandin-F2A (8-iso-PGF2A). The correlations between dietary and plasma carotenoids were 0.34 for B-carotene, 0.46 for A-carotene, 0.39 for B-cryptoxanthin, 0.27 for lycopene, 0.30 for lutein plus zeaxanthin, and 0.30 for total carotenoids. The 8-OHdG oxidative stress biomarker was significantly reduced at the highest quartile of total plasma carotenoid concentrations (P = 0.001) and 8-iso-PGF2A was moderately reduced (P = 0.088). Dietary carotenoid levels were not significantly associated with oxidative, stress indicators, although dietary lycopene and lutein/zeaxanthin were modestly associated with 8-OHdG levels (P = 0.054 and 0.088, respectively). Key findings include a significant inverse association between total plasma carotenoid concentrations and oxidative stress as measured by urinary 8-OHdG and a moderately significant inverse association with 8-iso-PGF2A, a protective association that was not shown for dietary carotenoid intake. (Cancer Epidemiol Biomarkers Prev 2007;16(10):2008 -15) 
Introduction
Breast cancer remains the leading cancer among women in the United States, and although survival rates have improved considerably in the past decade, efforts to continue to reduce the burden of breast cancer are needed. Studies investigating the role of fruit and vegetable consumption in relation to breast cancer risk have provided inconsistent findings (1) (2) (3) . Those relating fruit and vegetable consumption to breast cancer recurrence are limited in number but generally are suggestive of a protective association with increased intake (4-6). For example, McEligot et al. (7) reported that a higher intake of vegetables was associated with a 40% to 50% reduced risk of dying after breast cancer diagnosis.
One issue of relevance to assessing the relationship between fruit and vegetable intake and breast cancer risk is the need to look beyond total intake to assess the role of specific plant foods. Specifically, carotenoids, found in fruits and vegetables, show numerous biological activities, including antioxidant activity (8, 9) and induction of apoptosis and inhibition of mammary cell proliferation, making them plausible candidates for modifying breast cancer risk (10) (11) (12) (13) . Previous cohort studies have reported that plasma total carotenoids were inversely associated with risk for recurrence of breast cancer or a new primary cancer (14, 15) ; however, other studies have found null results (16) . Therefore, the importance of carotenoids, as assessed by diet or plasma concentrations, in breast cancer prevention and recurrence remains unclear.
In an earlier analysis assessing the relationship between total plasma carotenoid concentrations and breast cancer recurrence among 1,551 breast cancer survivors enrolled in the Women's Healthy Eating and Living (WHEL) study, Rock et al. (14) showed an estimated 43% reduction in a new breast cancer event in women showing higher versus lower plasma carotenoid concentrations. In addition, analysis of lifestyle factors shown to be protective against breast cancer recurrence in these same women enrolled in the comparison arm of the WHEL study, high fruit and vegetable intake combined with greater reported physical activity levels was associated with significantly reduced mortality (17) . To follow-up on these findings in terms of possible biological mechanisms of recurrence protection, in this research study we tested the hypothesis that breast cancer survivors with high intake of dietary carotenoids and high concentrations of plasma carotenoids would show significantly lower levels of oxidative stress, as measured by urinary 8-hydroxy-2 ¶-deoxyguanosine (8-OHdG) and 8-iso-prostaglandin-F2a (8-iso-PGF2a), than breast cancer survivors with low dietary and low plasma carotenoid levels.
Higher intake of carotenoid-rich fruit and vegetables has been associated with a significant reduction in oxidative stress biomarkers, both in relation to DNA damage and lipid peroxidation (18) (19) (20) . Diets low in antioxidants, particularly antioxidant carotenoids provided as vegetables and fruit in the diet, may contribute to increased oxidative stress (20, 21) and thus indirectly contribute to breast cancer recurrence.
Materials and Methods
Study Population. A subgroup of breast cancer survivors from the Portland, San Diego, and Tucson/ Phoenix recruitment sites, who were previously enrolled in the parent WHEL Study, volunteered to participate in this ancillary study between 1998 and 2000. The WHEL study design has been described previously (22) . Briefly, between 1995 and 2000, 3,088 women ages 18 to 70 years who had been successfully treated for early-stage breast cancer (stages I, II, or IIIA disease that had been diagnosed within the previous 4 years) were enrolled into the parent WHEL study. Enrollees were at least 6 months after diagnosis, accessible by telephone, and able to commit to the study intervention activities. Women were recruited from private oncology practices, tumor registries, advertisements, and community outreach programs. Eligible subjects completed the informed consent process in accordance with the ethical standards of the Human Subjects Committee at the participating research institutions and were randomized to either an intensive dietary intervention or comparison group. Exclusion criteria specific to participation in this ancillary study of oxidative stress included current smoking, hepatic or renal dysfunction, and inability or unwillingness to collect a 24-h urine sample. This article represents a cross-sectional study of baseline carotenoid intake, plasma carotenoid concentrations, and oxidative stress biomarkers among the 207 WHEL women who consented to participate in this ancillary study.
Data Collection. All data for this ancillary study analysis were specific to baseline measures collected before randomization into the parent WHEL study treatment groups. A standardized questionnaire developed for cancer prevention research was used to obtain demographic data at baseline. Clinical data were collected by questionnaire as well as selected extracts from the participant's medical record (e.g., mammogram report, cancer therapy, and pathology reports). Anthropometric measures, including height, weight, calculated body mass index (BMI), and waist and hip circumferences and ratio, and information about personal/ lifestyle habits were collected at the baseline clinic visit. Collection of dietary data, and collection and processing of oxidative biomarkers, is described below.
Dietary Data. The Arizona Food Frequency Questionnaire was used to measure self-reported dietary intake at the time of study entry (23) . The Arizona Food Frequency Questionnaire is a 153-food/beverage item questionnaire that measures age-and gender-specific serving sizes and frequency of usual intake of the previous 3 months using a Likert-type scale. The Arizona Food Frequency Questionnaire has been shown to exhibit modest correlations with true carotenoid intake ranging from 0.39 to 0.44, which together with plasma marker correlations of 0.75 to 0.86 provides a more accurate estimate of intake (24 (25) . The analysis determined intake of energy, macronutrients, micronutrients, quantification of fruit and vegetable servings, and carotenoid intake (a-carotene, h-carotene, lutein plus zeaxanthin, lycopene, and h-cryptoxanthin) defined as diet, dietary supplement, and dietary plus supplement values. If five or more items were missing from the questionnaire, the data were considered to be incomplete and were not included in the final analysis.
Dietary supplementation data were collected using an inventory of manufacturer-specific products reported as being consumed over the previous month. Supplement labels from all products taken by study participants were photocopied for accuracy of entry into the dietary supplement database, developed specifically for the WHEL study. Participants reported supplement type, manufacturer, dose, and frequency information, which were reviewed by the study coordinator during the initial study enrollment clinic visit.
Plasma Carotenoids. Fasting blood samples were collected during the baseline clinic visit and protected from light during processing. Samples were shipped on dry ice to the University of California at San Diego Nutrition Shared Resource laboratory. Plasma carotenoids: a-carotene, h-carotene, lutein plus zeaxanthin, lycopene, and h-cryptoxanthin; were separated and quantified with high-performance liquid chromatography methodology (26) . The values presented as lutein are assumed to be lutein plus zeaxanthin as they elute together with this method. The total plasma carotenoid concentration is calculated as the sum of the individual concentrations. Accuracy was assessed by periodic analysis of National Institute of Standards and Technology standard reference material, and a pooled plasma sample was analyzed with batches of study samples to monitor analytic precision, with a day-to-day coefficient of variation of f7%. In addition, the laboratory participates in the National Institute of Standards and Technology round robin quality assurance program to monitor variability and reliability of these carotenoid measurements.
Total plasma cholesterol concentrations were determined with the Kodak Ektachem Analyzer system (Johnson & Johnson Clinical Diagnostics) and used in the interpretation of plasma carotenoid data. Carotenoids are transported in the plasma nonspecifically by cholesterol-rich lipoproteins. Thus, the size of the pool in which these compounds exist in the circulation is a nondietary influencing factor that is considered in the analysis of the relationship between plasma carotenoid concentration (as an indicator of dietary intake) and recurrence-free survival (27) . Standard reference materials from the manufacturer were used to validate analytic precision of these procedures. The laboratory also participates in the American College of Pathologists quality assurance program to monitor variability and reliability for these lipid measures.
Oxidative Stress Biomarkers. Twenty-four -hour urine samples were collected at baseline to measure oxidative damage biomarkers. Subjects were asked to refrain from alcohol, all dietary supplements, heavy exercise, and sun exposure for 48 h before and during the 24-h urine collection. All urine was preserved under refrigeration or on ice in a closed container to protect from light exposure throughout the collection. Samples were transported to the clinic within 3 h of completion in a study provided cooler. Once at the clinic, the urine sample was gently and thoroughly vortexed for 90 s and samples were placed in À80jC storage. Samples were shipped on dry ice by overnight delivery to Genox Corp. (Baltimore, MD) for analysis. To standardize the levels of oxidative stress, urinary creatinine analysis was completed using a colorimetric assay kit (Sigma-Aldrich). Immunoaffinity chromatography-monoclonal antibodybased ELISAs were used to analyze the urine samples for 8-OHdG (8-OHdG Check ELISA kit, Genox) and 8-isoPGF2a (Correlate-EIA 8-iso-Prostaglandin F2a Immunoassay kit, Assay Designs). The urine samples were analyzed in duplicate under light-protected conditions. The ELISA assays were completed and analyzed in a single batch at Genox using an automated immunochemical analyzer to reduce measurement error and pooled urine samples from healthy adults were used as a quality control. The mean, SD, and coefficient of variation were calculated, and any sample with a coefficient of variation of z10% was reanalyzed. Coefficients of variation for 8-OHdG and 8-iso-PGF2a were <7%.
Statistical Analysis. Measures of central tendency and distributions were computed for demographic characteristics of study participants and checked for outliers. Due to some missing data, the demographics of those participants with incomplete urine, plasma, or dietary intake data were compared with those of participants with complete data using the Mann-Whitney independent sample comparison tests (for continuous variables) and m 2 analyses (for categorical variables). Means and SDs for urine, plasma, and dietary intake data from the Arizona Food Frequency Questionnaire were produced and checked for normalcy. Total plasma and dietary carotenoids were calculated by summing the Figure 1 . Consolidated Standards of Reporting Trials diagram. To examine the relationships of urine oxidative stress biomarkers with plasma and dietary carotenoids, carotenoid measures were ranked into quartiles. In analysis of covariance models with 8-OHdG (ng/mL) and 8-isoPGF2a (pg/mL) as the dependent variables, quartiles of either plasma or dietary individual carotenoids and their totals were entered as independent factors along with the covariates, age, BMI, physical activity, and plasma or dietary cholesterol (depending on whether plasma or dietary carotenoids were used). The physical activity measure was included only in models of 8-iso-PGF2a regressed on plasma carotenoids where it was independently associated with the dependent variable and had an effect on the relationship between the plasma carotenoid/biomarker relationship. From these models, adjusted oxidative stress biomarker means were calculated for each quartile of plasma or dietary carotenoid. Adjusted mean levels of oxidative stress biomarkers were tested for significance using Bonferroni post hoc tests. Because the urinary oxidative stress biomarkers were not normally distributed, analyses of covariance were repeated using transformed (log 10 ) dependent variables and results were similar. Sensitivity analyses were also done excluding participants who were taking h-carotene supplements (n = 20).
Results
Of the 207 women recruited and consented for participation in this ancillary study, 200 had complete baseline dietary and urinary data, and 192 had complete urinary, dietary, and plasma data, for analysis (Fig. 1) . Selected demographic and lifestyle characteristics are presented in Table 1 . In brief, the subjects were predominantly white/non-Hispanic (89.6%) with an average age of 53.5 years (SD, F9.1). The majority of the subjects reported having some level of education after high school. The average BMI would classify subjects as overweight (mean BMI, 27.1 kg/m 2 ). A few significant differences were found between the study group and the analytic group (those participants with incomplete urine, plasma, or dietary intake data) for the analysis presented. Overall, subjects without plasma for assessment of carotenoid concentrations were more likely to have had a smoking history and reported a longer mean pack-year history of smoking (7.7 versus 5.5 years; P = 0.02) and also reported lower educational achievement (P = 0.04).
Dietary intake of fruit, vegetables, and carotenoids (mean F SD) is presented in Table 2A , along with measured plasma carotenoid concentrations of the study sample population (Table 2B ). Mean total fruit and vegetable intake for the study population was reported to be 708 F 462 g/d, whereas mean total daily dietary carotenoid intake, excluding supplements, was estimated to be 16,712 Ag/d. The correlations between dietary and plasma carotenoids (log transformed), including individual and total carotenoid values, were 0.34 for h-carotene, 0.46 for a-carotene, 0.39 for h-cryptoxanthin, 0.27 for lycopene, 0.30 for lutein plus zeaxanthin, and 0.30 for total carotenoids. On average, study participants reported greater consumption of h-carotene and lycopene compared with other carotenoids, and this was reflected in the higher plasma concentrations of these carotenoids. Table 3 represents the analysis of covariance analysis assessing the relationship between dietary and plasma carotenoid levels and measured levels of oxidative stress (for 8-OHdG and 8-iso-PGF2a, independently). As shown, the 8-OHdG oxidative stress biomarker was significantly reduced at the highest quartile of total plasma carotenoid concentrations (P = 0.001) and the 8-iso-PGF2a oxidative stress biomarker was marginally significantly reduced (P = 0.088). This protective association was most strongly associated with plasma a-carotene and h-carotene concentrations in relation to 8-OHdG -associated oxidative stress and with h-carotene alone for 8-iso-PGF2a. Dietary carotenoid levels were generally not significantly associated with oxidative stress indicators, regardless of the biomarker assessed, although dietary lycopene and lutein/zeaxanthin were modestly associated with 8-OHdG levels (P = 0.054 and 0.088, respectively). Figure 2 further illustrates the relationship between selected plasma carotenoid concentrations as well as total carotenoids and the two oxidative stress biomarkers assessed in this study, 8-OHdG and 8-iso-PGF2a. As illustrated, among women in the highest quartile of plasma a-carotene and h-carotene as well as total plasma carotenoid concentrations, there was a significant inverse association with 8-OHdG but not with 8-iso-PGF2a. Twenty subjects reported daily intake of h-carotene supplementation at levels >5,000 IU/d (mean, 21,893 F 7,269 IU/d). The inverse association between h-carotene and 8-OHdG was evident with or without the inclusion of women taking h-carotene supplements, but a significant inverse association was not shown between h-carotene and 8-iso-PGF2a when women taking h-carotene supplements were removed from the model (data not shown).
Discussion
This study is unique in providing an assessment of the relationship between oxidative stress biomarkers and plasma and dietary carotenoid levels in a sample of breast cancer survivors. Key findings from this study include a significant inverse association between total plasma carotenoid concentrations and oxidative stress as measured by urinary 8-OHdG and a modestly significant inverse association with 8-iso-PGF2a. These protective associations were not shown for dietary carotenoid intake, perhaps due to well-established measurement error that occurs with self-report instruments, such as food frequency questionnaires. Notably, the significant correlations between dietary and plasma carotenoid levels were relatively low (ranging from 0.27 to 0.46), however these values are comparable with other validation studies (24, 28) .
Breast cancer is thought to occur through a multistep carcinogenesis pathway that includes damage to DNA (29) . This damage may lead to structural modifications in DNA (30) , which over time and without repair can lead to increased cancer incidence. Additionally, radiation therapy and several chemotherapeutic agents exert their antitumor effects through increased formation of reactive oxygen species (31), leading to increased oxidative stress and provoking cell death as a result of massive cellular damage (32) . So, although the malignant neoplasms undergo apoptosis, damage may also occur to normal, healthy cells. Further, high oxidative stress may be associated with increased recurrence, and thus, one mechanism by which diet may help to prevent cancer recurrence is through modulation of DNA damage to these healthy cells.
A recent cohort analysis of the comparison group participants in the WHEL study suggested that breast cancer survivors presenting at the highest quartile of total plasma carotenoid concentration are at a significantly reduced risk for breast cancer recurrence, whereas women at the bottom quartile of total plasma carotenoid concentration are at significantly increased risk for recurrence (14) . Our findings suggest that the protective association between higher total plasma carotenoid concentrations and breast cancer recurrence could, at least in part, be explained by the biological antioxidant activity of circulating carotenoids. Yet, our data did not support a protective relationship between dietary carotenoids and oxidative stress despite a recent analysis from this same study population that suggested that high fruit and vegetable intake in combination with greater physical activity was associated with reduced mortality (17) . A plausible explanation could be that fruits and vegetables, even those rich in carotenoids, act to improve health through a wide variety of biological mechanisms and not antioxidant activity alone (33) .
There is a paucity of research evaluating the role of plasma carotenoids and/or carotenoid intake and breast cancer survival or recurrence. In one study of 516 postmenopausal breast cancer survivors from California, McEligot et al. (7) provided evidence that greater intake of carotenoids was associated with a significant trend toward reduced mortality (P < 0.05), consistent with the significant 43% reduction in all-cause mortality (hazard ratio, 0.57; 95% confidence interval, 0.35-0.94) associated with vegetable intake. High vegetable intake was also shown to reduce mortality among 103 women previously Similarly, the Nurses Health Study has shown a moderately significant reduction in all-cause mortality among nurses diagnosed with breast cancer who report greater vegetable intake (P = 0.07; ref. 34) , an association that was statistically significant only among the subgroup of women diagnosed with node-negative disease. Further, a recent survival analysis from the Long Island Breast Cancer Study by Fink et al. (35) suggested that a pattern of high fruit and vegetable intake among 1,235 women previously diagnosed with breast cancer did not significantly reduce all-cause mortality. Likewise, another recent analysis from the WHEL study population found no evidence that adoption of a diet high in fruit, vegetables, and fiber and low in fat compared with a 5-a-day fruit and vegetable diet prevents breast cancer recurrence or death among women with previously treated early-stage breast cancer (36) . One noteworthy difference between the Fink study and the present study is that the dietary fruit and vegetable intake in the Long Island study subjects was assessed one year before diagnosis, whereas in the WHEL study population diet was assessed, on average, two years after breast cancer diagnosis and, as such, may have reflected change in intake after diagnosis (37) . Together, these data may indicate that prediagnostic diet may not significantly influence postdiagnosis survival, especially for premenopausal women. However, postdiagnosis increases in fruit and vegetable intake, which result in greater total plasma carotenoid concentrations, may offer protection against recurrent disease, partially due to a reduction in oxidative stress (14) .
Our findings suggesting that increased intake of fruits and vegetables is associated with reduced oxidative stress are supported by some controlled feeding trials (20) but not others (38, 39) . In a study conducted among 28 women assessed to be at greater risk for breast cancer than the general population, Thompson et al. (20) showed a significant inverse relationship between increased fruit and vegetable intake during a 14-day intervention and change in urinary 8-iso-PGF2a. In that study, plasma carotenoid concentrations were used to assess dietary change and all five carotenoids (a-carotene, h-carotene, lutein plus zeaxanthin, lycopene, and h-cryptoxanthin) measured increased significantly from baseline levels. Of interest, a secondary analysis from that study suggested that the largest and most significant changes in oxidative stress indicators were observed among those showing the lowest baseline plasma a-carotene concentrations. Similarly, we also found plasma a-carotene concentrations to be a significant predictor of oxidative stress, but in the present study, this was specific to urinary 8-OHdG levels. Null associations were shown in two other feeding studies, one by Moller et al. (38) providing 600 g/d fruit and vegetables daily for 24 days to 43 healthy young adults and another providing a fruit and vegetable concentrate daily to 22 adult male smokers using a crossover design that compared consumption of a fruit-vegetable concentrate to control food/beverage over a 3-week feeding period (39) . The latter study was likely underpowered to see a significant effect and it is possible that the 2-week washout period was insufficient for plasma carotenoid concentrations to return to baseline levels. Further, the study populations were markedly different from those in the present study in that a significant percentage of subjects were male, many were smokers, and in the Moller study the mean study subject was >3 decades younger than our participants. The levels of oxidative stress in our study group were not as high as has been suggested for breast cancer patients in other studies (40) (41) (42) (43) and may be related to both the fact that our subjects were recruited, on average, just over two years after breast cancer diagnosis and are considered to be consuming relatively healthy diets since the time of breast cancer diagnosis (37) . In fact, the plasma carotenoid concentrations observed in the present study sample are generally higher than those observed in the general population, as reflected in National Health and Nutrition Examination Survey III (44) .
Although these findings are important, and may indicate one specific protective association of carotenoids, there are several other hypotheses as to why greater plasma carotenoid concentrations may be associated with reduced risk for breast cancer or recurrence. Carotenoids have been shown to inhibit proliferation of transformed cells (45, 46) , to reduce inflammatory response (31) , and, indirectly through conversion to retinol, to induce epithelial cell differentiation (47, 48) . In addition, although greater intake of fruits and vegetables is consistently associated with higher plasma carotenoid concentrations (49) (50) (51) and has been shown in the parent WHEL cohort (24) , it may be the combination of carotenoids and other bioactive food components and nutrients found in these plant foods that affords protection. In the present study, the mean dietary intake of fruits and vegetables was approximately seven servings per day, well above the average U.S. intake (52) . Yet, despite this relatively well-nourished study sample population (36) , a range of plasma carotenoid concentrations was observed and linked with a protective effect for breast cancer recurrence.
Supplemental carotenoids also contribute to elevated plasma levels independent of dietary intake. In our sample, 20 subjects reported use of dietary supplements containing h-carotene (one reported use of lutein-and one reported used of lycopene-containing dietary supplementation). Analysis inclusive or exclusive of subjects supplementing with h-carotene suggested that supplementation was important to showing a protective reduction in 8-iso-PGF2a in relation to plasma h-carotene concentrations, whereas 8-OHdG levels were significantly reduced in relation to plasma h-carotene concentrations regardless of the inclusion or exclusion of women taking supplemental h-carotene. Though of interest, the loss of association between plasma concentrations and 8-iso-PGF2a may simply be related to a reduction in sample size. Another plausible explanation may be that a certain ''threshold concentration'' of plasma h-carotene exists above which reduction in oxidative stress can be expected. This ''modifying'' plasma concentration (in terms of oxidative stress reduction) may be higher to induce significant reductions in lipid peroxidation than for DNAassociated oxidative stress.
Breast cancer remains the second most common cause of cancer death among women in the United States and thus the continued interest in identifying modifiable risk factors to reduce the incidence of recurrent disease remains. Diet offers significant potential to reduce oxidative stress and thus reduce breast cancer recurrence.
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